Exposure to pesticides is a potential concern for pollinators that may forage on plants containing residues. A key element of estimating dietary risk to pollinators is to determine the nature and amount of food consumed by individuals. Recent efforts have focused on honey bees (Apis mellifera), of which nectar foragers are thought to be at greatest risk of dietary exposure due to their foraging behavior and high energy requirements for the flight-foraging activities. At upper tiers of pesticide risk assessment for honey bees, field studies with whole colonies are carried out to gauge effects of expected exposures; however, without knowing how much nectar and pollen is being consumed by colonies and the potential variability in these parameters, it is difficult to accurately assess risk under other untested exposure scenarios. The objective of this review was to collate available data from the literature regarding (1) the quantity of nectar required by nectar foragers and (2) the quantities of nectar, pollen, and supplements that are consumed by colonies; the purposes being to develop a database that can be used to improve exposure and risk assessments, and to identify data gaps for further research. A number of studies investigating honey bee energetics have been identified that can be used to estimate sugar requirements for foragers under different conditions (e.g., resting, flying). A few more recent studies have been able to quantify the amount of time foragers spend outside the hive. Factors requiring further investigation include levels of energy expenditure while outside the hive, and the sugar content of available nectars, which may also affect foraging behavior. At the colony level, data on food consumption are sparse and primarily anecdotal. Colony size, management, and location seem to be major factors contributing to differences in nectar foraging and honey production. Further research is needed to better quantify and predict colony use and storage of food resources.
INTRODUCTION
Quantifying food ingestion is a key component of estimating exposure of animals to pesticides through the diet (USEPA 1998; USEPA 2011) .
Honey bees (Apis mellifera L.) rely on two primary food resources, pollen and nectar. Generally speaking, pollen provides the protein and essential amino acids necessary for development, and nectar provides the carbohydrates necessary to meet energy needs. Determining food consumption for honey bees is complex because (1) nutritional needs are highly variable among and within different castes and life stages; (2) mixing, modification, storage, and sharing of collected foods occurs among honey bees; (3) there is inter-and intra-seasonal variability in food availability and energy requirements; (4) Electronic supplementary material The online version of this article (https://doi.org/10.1007/s13592-019-00694-9) contains supplementary material, which is available to authorized users. beekeeping practices, including supplemental feeding, are highly variable; and (5) colony size, health, and genetics affect foraging.
The standard method of risk assessment for honey bees and other pollinators potentially exposed to pesticides begins with a highly precautionary screening assessment (e.g., Tier 1). The goal is to identify potential risk scenarios that require more complex testing and assessment to better understand risk in subsequent tiers. Initial screening is based on laboratory tests of lethal and sublethal effects involving individual bees. Higher tier assessments for honey bees require colony-level effects testing (Tiers 2 and 3; USEPA et al. 2014) . In their guidance for assessing risk to pollinators from dietary exposure to pesticides, the United States Environmental Protection Agency (USEPA), Canadian Pest Management Regulatory Agency (PMRA), and California Department of Pesticide Regulations (CDPR) begin, in their first tier of assessment (Tier 1), with deterministic estimates of food ingestion for honey bees (USEPA et al. 2014) . For nectar foragers, which are expected to consume the highest amounts of nectar, the guidance recommends the use of a median of 292 mg nectar/bee/day in risk assessment (pollen ingestion by nectar foragers is negligible in this context; Online Resource 1; USEPA et al. 2012 USEPA et al. , 2014 . This nectar ingestion rate put forward by the Agencies is based on a Monte Carlo simulation that was conducted with probabilistic estimates of number of trips per day, trip duration, sugar required for flight and resting, proportion of trip spent flying, and sugar content of nectar (Online Resource 2 details the Agencies approach; USEPA et al. 2012) .
Numerous researchers have investigated honey bee nutrition and energetics (e.g., Haydak, 1970; Winston 1987; Herbert 1992; Brodschneider and Crailsheim 2010) , and many have also estimated food ingestion rates (e.g., Haydak 1934; Brandstetter et al. 1988; Crailsheim 1998) . However, these and other pertinent studies do not appear to have been included in the development of the Agencies honey bee risk assessment guidance (USEPA et al. 2012 (USEPA et al. , 2014 . A detailed review of relevant available data is warranted to support dietary exposure assessments, and determine if the current regulatory guidance is an appropriate, conservative, science-based benchmark.
In addition to individual dietary requirements, quantification of honey bee food consumption at the colony level including both nectar and pollen is needed. Interpretation of semi-field and field experiment results are limited by the disconnect between pesticide application rates and actual exposure. Further, colony-level exposure models would benefit from empirical data for validation.
To support the assessment of pesticide risk to honey bees at all tiers, the objectives of the current review were to compile and summarize available quantitative data on (1) provisioning and ingestion of nectar by individual nectar foragers (only, see explanation below) and (2) seasonal colony-level consumption of both nectar and pollen, for consideration in dietary exposure assessments. Herein, provisioning refers to the acts of acquiring and sharing food, whereas ingestion refers to uptake and use of food by the bee. At the individual level, we do not consider ages or castes other than foragers because the current Tier I assessment (and supporting White Paper) maintains that nectar foragers have the highest potential pesticide exposure in the colony (USEPA et al. 2012 (USEPA et al. , 2014 . This review is focused on diet and does not include a review of xenobiotic absorption that could occur during food collection (but see Conner et al. (1978) and Davis and Shuel (1988) ). Also, we are not considering here the effects of pesticides on honey bees; this includes any potential impacts on energetics or diet, though this may be an important consideration for some particular pesticides.
The data compiled for individual nectar foragers was subsequently used to model nectar requirements and compare estimates with those of the Agencies (Rodney and Kramer 2019) .
Given the complex nature of honey bee food collection, storage, and ingestion, Online Resource 1 provides an overview of honey bee physiology, life cycle, behavior, energetics, social organization and supplementary feeding relevant to nutrition. The current regulatory risk assessment process for honey bees in the USA and Canada is discussed in the context of the objectives of this review in Online Resource 2.
METHODS
A systematic review of the open literature was conducted. Web of Science, SciFinder®, and Google Scholar were searched for publications related to nectar, honey, pollen, supplementation, foraging, energetics, diet, nutrition, or storage, and Apis mellifera (or honey bee or honeybee or A. mellifera). Titles and abstracts were screened for relevance, and those found to be relevant to the objectives of the review were acquired and read to determine whether the content was pertinent. Concurrently, informal consultation was carried out with experts in bee research and apiary management to acquire grey literature and information in relation to supplementation and hive management. Information was collated, and units of measure were standardized where applicable. An effort was made to distinguish between data to be considered qualitatively only, and those that could inform quantitative exposure assessment, for example, sugar feeding studies, versus natural foraging studies. Subsequently, the review was updated with more recent relevant articles based on a Web of Science search for articles from 2017 or later citing one or more of the key papers reviewed herein. The collated data are primarily presented in Online Resource 1. Synthesis of the data was not straightforward due to the diverse study objectives, inconsistency in experimental units, and statistics reported among the reviewed studies. In a subsequent modeling exercise carried out to estimate nectar forager nectar requirements (Rodney and Kramer 2019) , data were integrated by calculating weighted averages and pooled variances across studies where practicable for pertinent model parameters. See Table I (Rodney and Kramer 2019) .
NECTAR FORAGING AND NECTAR REQUIREMENTS OF NECTAR FORAGERS
All efforts were made to collate data specific to nectar foragers; however, in many cases, researchers did not distinguish between nectar foragers, pollen foragers, and/or other workers leaving the colony for other purposes (e.g., water, propolis, orientation, or defecation flights). Where a distinction was not made among foragers, we included the data for unspecified foragers as being generally applicable to nectar foragers, as nectar foragers tend to account for the majority of foragers at any given time (see Online Resource 1, and most recently Prado et al. (2019) ).
Provisioning for Nectar Foraging
The main source of energy for foraging trips is a mixture of nectars at variable sugar concentrations (Beutler 1950; Visscher et al. 1996; Harano and Nakamura 2016) . Some nectar may be acquired from in-coming foragers as part of recruitment communication, but most provisioning comes from hive bees so that the amount and sugar concentration needed can be controlled (Harano and Nakamura 2016) .
The amount and the concentration of sugar taken by foragers before a trip depends on the anticipated total energy required for the round trip (Beutler 1950; Brandstetter et al. 1988; Harano and Nakamura 2016) . The amount provisioned appears to be based on information from bee dances as well as olfactory and trophallactic signals that communicate the distance, identity, and quality of the food source (Beutler 1950; Harano et al. 2013; Harano and Sasaki 2015; Harano and Nakamura 2016) . The volume and sugar concentration of fluid provided by the hive bees to the foragers is achieved by mixing nectar at different stages of evaporation, from freshly collected nectar to honey. Concentrations of sugar in nectar of departing bees are generally > 30%. Nectar load on departure is typically far less than crop capacity (Harano and Nakamura 2016; see Online Resource 1 for relevant physiology). Specifically, for nectar foragers, Harano and Nakamura (2016) recently reported departing crop loads of approximately 2.0 ± 2.4 (SD) μL/bee (n = 46) with an average concentration of 45% (w/w) sugar. Other values for honey bee workers but not specifically nectar foragers are provided in Table S1 (Crop loads of foraging honey bees on departure from the hive) in Online Resource 3.
Nectar Collection and Provisioning of the Colony
Reports of forager activity under natural conditions were considered relevant including some with tracking devices. Foragers remain in the hive at night Moore et al. 1998 and references cited therein), and sleep for a portion of this time (Heusner and Stussi 1964; Kaiser 1988; Schmolz et al. 2002) . Rest is not restricted to night time for foragers (Moore et al. 1989 (Moore et al. , 1998 . Many workers of foraging age forage only sporadically during daylight hours. Tenczar et al. (2014) reported approximately 20% of the foraging workforce accounted for 50% of the flight activity of experimental colonies (maintained for 5-7 weeks; Illinois, USA, summer). Resting or waiting foragers provide a reserve that can become active in the event of forager losses, or to take advantage of emerging food resources (as reviewed by Anderson (2001) ). Foragers can be grouped by their fidelity to particular species of flowers that are available on any given day and foraging and flight activity of groups can be limited to the time of day consistent with the availability of a particular food source (as reviewed by Moore et al. 1998 ). Tian et al. (2014) used radiofrequency identification (RFID) in an investigation of two colonies in China. More than half the foragers were found to take entire days off from foraging in a 38-day study period, even though conditions were favorable for foraging. Roughly one quarter of potential foraging days were not used for foraging. Foragers that did not take days off spent an equivalent amount of time foraging compared to bees that did take days off (Tian et al. 2014) . The amount of time spent foraging is also a function of age. As foragers approach the end of their life, their foraging intensity generally increases (Seeley 1996; He et al. 2013; Tenczar et al. 2014) .
Foraging is both risky and costly in terms of energy and resource expenditures (Steffan-Dewenter and Kuhn 2003) . The foraging strategy at the colony level is to continuously survey the landscape around the hive and to focus foraging on preferred patches within that area (Visscher and Seeley 1982; Seeley et al. 1991) . Foragers respond rapidly to changes in the environment and an empirical model of egress rates from honeybee colonies shows that 78% of the variability can be accounted for by variation in temperature and solar radiation, among weather variables considered (Clarke and Robert 2018) .
When resources around the hive are adequate, and conditions are suitable for foraging, most foraging activity occurs within 1 km of the hive (Eckert 1933; Beekman and Ratnieks 2000; Steffan-Dewenter and Kuhn 2003; Garbuzov et al. 2015; Danner et al. 2016) . The occurrence of long-range foraging may indicate a poor nutritional habitat for the bees around the hive. In Eckert's work (1933) , the colonies with bees foraging for nectar further than 6.4 km lost weight. The frequency of foraging generally decreases exponentially with distance (Hagler et al. 2011; Garbuzov et al. 2015) .
Trip duration depends not only on distance, but also on the number of flowers required to collect a load and the time per flower. Floral nectaries can contain less than a microliter to a few milliliters of nectar (Pacini and Nicolson 2007) . The number of flowers visited per load can be as low as one, or might even exceed a thousand for nectar foragers depending on the plant species (Ribbands 1949; Michener 1974; van der Steen 2015) . Trip duration also decreases with the number of times a forager visits a collection site due to learning (Brandstetter et al. 1988) .
Recent use of tracking tools shows that the frequency and duration of foraging flights are highly variable, even among individuals of the same colony (He et al. 2013; Tenczar et al. 2014; Perry et al. 2015; Thompson et al. 2016) . Reported average trip durations for foragers range from 0.19 to 2.1 h, with a single trip reported minimum of 0.15 h and a maximum of 2.5 h. See Table S2 (Summary of honey bee forager trip time data) in Online Resource 3, and also Table I (Comparison of Agencies and revised model input assumptions for honey bee nectar forager nectar requirement estimates) in Rodney and Kramer 2019) . Many of these studies did not distinguish between forager type or the purposes of the trips outside the hive. Most trips outside the hive are presumed to be foraging trips. Some researchers used cutoff times to try and distinguish between foraging trips and orientation or defecation flights (Perry et al. 2015; Thompson et al. 2016) , although more definitive methods are available (Feuerbacher et al. 2003) .
The lack of distinction between pollen and nectar foragers in the more recent and comprehensive RFID studies indicates a data gap. It is unknown if there is a systematic difference in the duration of trips by bees collecting pollen, nectar, water, or propolis.
The number of trips per forager per day may in part depend on the interval between trips, also known as the turnaround time (Eckert et al. 1994) . Reported mean turnaround times range from 0.23 to 0.85 h (Eckert et al. 1994; Thompson et al. 2016) . The time taken to find receivers that will accept the load depends on the quality of the material brought back to the hive and the demand for nectar (Pankiw et al. 2004; Thenius et al. 2008) . Longer distances will be flown for higher quality resources and during times of higher demand (van der Steen et al. 2012). Accordingly, unloading times are also linked to demand, foraging time, and distance (Schmickl and Karsai 2016) .
Foraging rates at artificial feeders near the hive can be unnaturally high and are not representative of free-foraging honey bees. The frequency of visits per day by an individual bee and the duration of time spent at a food source will increase with increased sugar concentration (Fernandez and Farina 2005) . With artificial controlled-flow feeders, up to 45 trips per hour were recorded with 50% w/w sucrose flowing continuously at 10 μL/ min and the food source 100 m from the hive. With a flow rate of 2-5 μL/min, the number of trips per hour ranged from 4 to 16, with fewer trips per hour to a site 2000 m from the hive (Núῆez and Giurfa 1996) . An extreme value of 150 trips per bee per day was cited in Winston's review (Winston 1987) of Ribbands (1953) . This value was found to be associated with an artificial feeder and represents total trips taken by two bees (Butler et al. 1943) .
Under natural foraging conditions, mean numbers of trips per day by workers range from 1 to 13.5, with a maximum reported value of 24 trips for a single bee-day. See Table S3 (Summary of data collected on number of trips taken per day by honey bee workers) in Online Resource 3, and also (2019). Again though, the purposes of the trips were generally not reported but are presumed to be primarily foraging trips.
Overall average time outside the hive per flying day falls between 0.95 and 3.06 h. See Table S4 (Summary of RFID results reporting on mean time spent outside the hive by honey bee workers) in Online Resource 3, and also Table II (Summary of input assumptions for RP model for honey bee nectar forager nectar requirement estimates) in Rodney and Kramer (2019) . In addition, Thom et al. (2000) reported that 70% of nectar foragers in their study foraged for less than 4.5 h (despite over 15 h of daylight). He et al. (2013) reported a maximum of 6.25 h from their study. The average time outside the hive, by age, increased from 0 to approximately 2.9 h (See Online Resource 1 for more background on this). Alaux et al. (2014) reported average time outside the hive per day for foragers over a 35-day study period in France (these data included non-flying days; and examined effects of Nosema and immune system challenge). For early/initial untreated (control, n = 103) foragers, the mean time outside the hive was 1.41 h/day, from day 13 to the end of the study, the mean increased to 4.72 h/day for untreated controls. These results are also in line with those presented earlier this year by Prado et al. (2019;  see Figure 3 therein). Unfortunately, in most of these investigations, the food resources were not well characterized.
Nectar foragers do not always fill their crops on foraging trips due to the metabolic cost of transport, and a possible drive to maximize energetic efficiency (see Schmid-Hempel et al. 1985; Schmid-Hempel 1987; Núñez and Giurfa 1996; Stabentheiner and Kovac 2016) . The amount of sugar solution collected per trip (crop load) increases in volume with increasing flow rate, temperature, sugar concentration, and distance from the hive (Núñez 1970; Núñez and Giurfa 1996; Nicolson et al. 2013) . Also, different races of honey bees will carry significantly different quantities of nectar back to the hive (Worswick 1988 ). Based on direct measurement of nectar, sucrose solutions provided artificially, and estimates of solution removed from feeders, the reported crop loads in foraging bees on return to the hive ranged from about 6 to 60 μL/bee. See Table S5 (Crop loads of nectar foraging honey bees on return to the hive) and Table S6 (Sugar solution crop loads of forager honey bees on return to the hive) in Online Resource 3. When considering the smaller dataset of natural nectar crop loads only, means fall between 6 and 33 μL/bee (Soehngen and Jay 1974; Worswick 1988; Calderone and Page 1992; Eckert et al. 1994; Huang and Seeley 2003 ; Table S5 in Online Resource 3). In a study by Huang and Seeley (2003) , crop loads under natural foraging conditions did not exceed 48 μL/bee.
Nectar and Honey Requirements of Nectar Foragers
Estimates of nectar ingestion requirements by bees have been derived using two general approaches: (1) the more direct measurements of dietary intake, including methods employing mass differences and tracers (e.g., Nachtigall et al. 1989; Balderrama et al. 1992; Gmeinbauer and Crailsheim 1993; Tomlinson et al. 2017) and (2) studies of energetics, including both calorimetric and respirometric measures of heat production and gas exchange, respectively (Coelho and Mitton 1988; Nachtigall et al. 1989; Wolf et al. 1989; Balderrama et al. 1992; Stabentheiner et al. 2003a, b; Moffatt and Núῆez 1997; Stabentheiner and Kovac 2016) . The latter is more prevalent in the literature. Each gram of sugar equates to approximately 17 kJ (or 4 kilocalories). At standard temperature and pressure, oxygen use or CO 2 production of a bee can be converted to kJ using the standard conversion of 21.17 kJ/L (Hartfelder et al. 2013) . Generally, the lowest demand for sugar occurs in foragers at ectothermic rest, and the highest demand occurs when bees are hovering or flying. See Table S7 (Estimates of sugar metabolism by resting or motionless honey bee workers), Table S8 (Estimated sugar metabolism of tethered flying honey bee workers) and Table S9 (Estimates of sugar metabolism by honey bee workers performing a variety of activities (untethered)) in Online Resource 3, and also Table I (Comparison of Agencies and revised model input assumptions for honey bee nectar forager nectar requirement estimates) in Rodney and Kramer (2019) . However, there are a number of factors other than observed activity level that impact metabolism in individual workers. These factors include age (Fahrenholz et al. 1989 (Fahrenholz et al. , 1992 , body mass (Wolf et al. 1989) ; ambient air temperature (Allen 1959; Cahill and Lustick 1976; Schmolz et al. 2002; Stabentheiner and Kovac 2016) , degree of solar radiation (Stabentheiner and Kovac 2016) , air pressure (Withers 1981) , degree of agitation (Woods et al. 2005) , characteristics of the food source (Moffatt 2000) , and other behaviors such as foraging in clusters or isolation (Free and Spencer-Booth 1958; Heusner and Stussi 1964; Fahrenholz et al. 1989) . These factors can also interact, complicating accurate prediction of individual metabolism (see for example Schmolz et al. 2002; Woods et al. 2005; Stabentheiner and Kovac 2016) .
Reports of energy consumption in a resting state should be interpreted with caution as bees are easily roused to a sustained endothermic state of higher energy use even when they appear to be at rest (Hartfelder et al. 2013) . Table S7 in Online Resource 3 (Estimates of sugar metabolism by resting or motionless honey bee workers) summarizes data for workers in isolation or groups (Cahill and Lustik 1976) . In general, mean estimates from these studies tend to be < 1 mg sugar per hour. The results of Allen (1959) , Heusner and Stussi (1964) , Stabentheiner et al. (2003b) , and Kovac et al. (2014) apply specifically to foragingage workers, but none of the data are attributed to nectar foragers exclusively. In general, metabolism of bees observed at rest appears to be correlated with ambient air temperature, though the nature of the relationship differs among studies. Cahill and Lustik (1976) report a linear decline in metabolism of "resting" workers with increased air temperature from 5 to 40°C. By contrast, Heusner and Stussi (1964) and Schmolz et al. (2002) report an increase in metabolism of "sleeping" bees with increased ambient air temperature between 15 and 35°C. This discrepancy may be due to differences between states of sleep and wakeful resting. As proposed by Schmolz et al. (2002) , sleeping bees at optimal sleep temperature (of~28°C) increase their metabolic rate for restorative processes. Tomlinson et al. (2015) also reported an increase in metabolism of workers held motionless with increased temperature in the range of 15 to 30°C+, with a sharp decline at 32 and 42°C in early and late season foragers, respectively. In this case, the test was one hour long with bees captured within the hour prior to testing. There was no report of the bees being fed, leading to the question of whether or not the bees were dealing with depleted energy reserves. Both Allen (1959) and Stabentheiner et al. (2003a) report non-monotonic responses to increased temperature, but in agreement with Cahill and Lustik (1976) , these authors reported a general decline in metabolism of relatively motionless bees with increasing ambient air temperature in the range of 15 to 25°C, with the former reporting further declines to 32°C. Reported average resting metabolism estimates at ambient air temperatures between 20 and 25°C (typical of the temperate growing seasons) ranged from 0.0750 mg sugar/hr (bees "sleeping" at 20°C; Schmolz et al. 2002) to 2.83 mg sugar/h (workers "resting" at 25°C; Cahill and Lustik 1976. As noted in Table S7 in Online Resource 3, the "resting" metabolism data were from bees predominantly in isolation from other bees. Bees in clusters are able to reduce their metabolism relative to isolated bees (see Fahrenholz et al. 1989 Fahrenholz et al. , 1992 . Fahrenholz et al. (1989) demonstrated an apparent exponential decline in weight-specific heat production in worker groups of one to 18 individuals at an ambient 30°C in a 100-mL vessel. These results suggest that resting metabolism in the hive may be considerably lower than that observed in studies with isolated individuals, suggesting an energetic advantage to hive living adopted by honeybees.
Metabolism generally increases with activity level. Tables S8 and S9 in Online Resource 3 present metabolism estimates for bees engaging in different activities from sitting and walking, to hovering and flying. Two studies reviewed involved tethered flights carried out in the laboratory (Table S8 in Online Resource 3). In these types of experiments, bees are generally strung by the thorax and prompted to fly in circles. As reviewed by Nachtigall et al. (1989) , tethered flight generally requires less energy than free flying. This is probably due to the relatively low vertical force required to compensate for body weight. Also, generally lower flight speeds are achieved in tethered energetics experiments.
Several studies have examined the effects of ambient air temperature on the metabolism of active (untethered) honey bees. Isolated bees at a lower level activity (e.g., sitting with some movement, walking around) were found to have decreasing metabolism with increasing temperature in the range of 15 to 35°C (Heusner and Stussi 1964; Blatt and Roces 2001; Stabentheiner et al. 2003b) . At 25°C, Stabentheiner et al. (2003b) reported mean metabolism for these types of activities in the range of 3 to 7 mg sugar/bee/h, which is consistent with the findings of others (see Table S9 in Online Resource 3). Foraging, and flight in particular, requires considerably more energy. For bees in flight, Roberts and Harrison (1999) and Woods et al. (2005) reported a negative relationship between metabolism and ambient air temperature in the range of 21 to 38°C. However, the latter authors found that when the bees were not agitated to fly (e.g., tapping or shaking of the vessel), the negative relationship did not hold. When bees were predominantly in flight, metabolism was relatively consistent for tested bees between 15 and 40°C. Between 20 and 25°C, average reported metabolism for bees in flight or hovering fell between 9 and 14 mg sugar/bee/h (see Table S9 in Online Supplement 3). When foraging in relatively large vessels (6-7 L), with flight between artificial feeders, workers have exhibited decreased metabolism with increased ambient air temperature between 19 and 30°C (Moffatt 2001) . Under these conditions, between 20 and 25°C, average metabolism estimates tend to fall between 5 and 10 mg sugar/bee/h.
In smaller measurement vessels (~8 mL) used outdoors over short sampling periods (generally less than 5 min) with single artificial feeders, Stabentheiner et al. (2012) and Kovac (2014, 2016) demonstrated increased metabolism with increased flow rate of sugar solution. In general, solar radiation appears to lead to decreased metabolism, except when flow rates are high (e.g., Stabentheiner and Kovac 2016) and ambient temperature is relatively low (15-23°C). This effect has been attributed to acquiring resources wh en conditions are optimal Kovac 2014, 2016) . Under the conditions of these studies, metabolism was observed to be more variable, but generally falling in the range of other studies reporting on energetics of foraging and flight (see Table S9 in Online Resource 3).
In a recent and novel study, average field metabolic rate and nectar consumption was estimated for free flying honey bees over 6 days using flowthrough respirometry and radiolabeled isotopes of 86 Rb and 22 Na, respectively (Tomlinson et al. 2017 ). The study compared results for bees from hives (3 per location) located in a natural woodland where Banksia spp. were prevalent for nectar foraging, and a deforested plantation. Only 13 of an original 70 bees enriched with radiolabeled material were recaptured (it was not clear how many bees were retrieved from each location). Bees from the forested area produced an estimated 9.91 ± 0.94 (SE) mL CO 2 per day and consumed 164.6 ± 31.0 (SE) μL nectar per day. Bees from the deforested area produced an estimated 6.82 ± 1.08 (SE) mL CO 2 per day and consumed 65.9 ± 27.4 (SE) μL nectar per day. The authors reported that the mean nectar consumption estimates were 202 and 67 mg nectar per day for woodland and deforested areas, respectively. The authors did not report their methods of estimating nectar mass. Banksia spp. nectar concentrations are variable but are likely to fall between~5 and 45% (w/w) sugar based on samples from three species (Davis et al. 2015) . Unfortunately, in addition to the lack of sugar concentration in nectar, the sample sizes were very small and bee ages were not reported. The CO 2 production can be converted directly into grams per day of sucrose. At standard temperature and pressure (STP), we can assume approximately 21.1 J/mL CO 2 and 16.8 J/mg sucrose (Hartfelder et al. 2013) . In this case, mean estimates of CO 2 per day would convert to 0.519 mg sugar/h and 0.357 mg sugar/h, for the forested and unforested areas, respectively (e.g., 9.91 mL/day of CO 2 × 21.1 J/mL CO 2 = 209.1 J/day, 209.1 J/day ÷ 16.8 J/mg sugar = 12.45 mg sugar per day, 12.45 mg sugar/day ÷ 24 h/day = 0.519 mg sugar/h). The equivalent amounts of 30% (w/w) sugar content of nectar would be approximately 41.5 and 28.6 mg nectar/bee/day (e.g., 12.45 mg sugar/day ÷ 0.30 = 41.5 mg nectar/ day). With some refinement, the method presented by Tomlinson et al. (2017) may be used to better characterize nectar consumption by nectar foragers.
SEASONAL FOOD COLLECTION, STORAGE, AND CONSUMPTION BY COLONIES
Below, we provide a summary of information found regarding the quantities of pollen and nectar acquired, kept and used by honey bee colonies. In addition to natural food resources, managed colonies are frequently supplemented with other sources of sugar and protein. Such supplementation is highly variable among apiculturists, and we found supplementation information to be currently insubstantial. Our collated information on this subject is detailed in Online Resource 4.
Collection, Storage, and Consumption of Nectar by Colonies
Many reports of annual nectar collection by colonies are anecdotal. Seeley (1996) and van der Steen (2015) reported average values of 120-125 kg of nectar collected per year per colony, but source and sugar content were omitted. Other annual nectar collection estimates for colonies have been based on honey production (136-259 kg; Southwick and Pimentel 1981; Flottum 2014) . The flaw with the latter approach is that the honey in a hive at the end of a season, or any fixed point in time, only accounts for nectar not digested. Seeley (1996) estimated that about 70 kg of nectar would be required for a colony to rear brood and fuel foraging over the summer.
Factors affecting colony level nectar collection include but are not limited to: population size and demographics of the colony, environmental conditions, and available nectar resources within the foraging range and their locations relative to the hive. If the colony must produce wax for comb building, additional nectar collection is required because wax is synthesized directly from sugar by wax glands. The production of 1 kg of wax requires 8.4 kg of honey (Black 2006) , or approximately 23 kg of nectar (assuming honey and nectar are 82% and 30% sugar, respectively), and will produce 77,000 comb cells (Dadant 1992) .
Based on gravimetric analyses in temperate locations, nectar is only sufficiently abundant for hives to increase in mass for approximately 10 weeks of the year, distributed over the spring and summer. During the remainder of the growing season, nectar flows were either just enough to maintain hive mass, or insufficient with the hive losing some mass, particularly in mid to late summer (e.g., Soehngen and Jay 1973; Seeley 1996) .
The collection of large surpluses of nectar requires a major investment of energy and space in the hive devoted to processing and storage in waxcapped cells. The investment ensures that nectar is available during times of dearth in the summer and for overwintering in temperate regions or during the dry season in tropical regions (Seeley and Visscher 1985) . Seeley (1996) suggested that 50 kg of collected nectar is typically stored as honey for the flowerless months in a temperate climate, equivalent to~18 kg of honey, assuming nectar is 30% sugar, and honey is about 82% sugar). Using data collected in 2015 from multiple states and operations with five or more colonies, the US Department of Agriculture reported that, on average, managed colonies produce 29.5 kg of honey harvested per year (USDA 2016). However, there is considerable variability in average colony yields across individual reporting states (n = 40), i.e., ranging from an average of 12.2 to 46.3 kg honey/colony from New Jersey to Hawaii, respectively. Despite the paucity of nectar collection data at the colony level, there is clearly a high degree of variability in annual nectar collection by colonies across the USA, assuming honey stores are indicative of nectar collection effort. Beekeepers will often leave some honey in the hive for overwintering although the amounts have not been well documented. For overwintering, 18-27 kg and 7-14 kg of honey are recommended as reserves in temperate and southern regions, respectively (Furgala and McCutcheon 1992) .
We were unable to find any studies directly measuring colony-level consumption of nectar over a year. The available information on nectar (or honey) required per year could be estimated from the amount of stored food required to sustain a colony, e.g., 4.5 kg/hive per week in spring (Ambrose 1992) . Herbert (1992) reported a summer honey requirement of 43 kg. However, these needs would vary with colony size and demographics. During winter, there is no incoming nectar in temperate regions. Bees remain in the hive when average air temperatures drop below 7 −16°C (Abou-Shaara 2014). In northern temperate regions, the consumption of 19-25 kg of honey has been reported from the end of brood rearing until spring nectar flows. The presence of brood after mid-February increased the consumption rate from 0.37 to 3.9 kg/week (Furgala and McCutcheon 1992 , and references cited therein). Roughly, thirteen spring weeks at 4.5 kg honey per week = 58.5 kg, 58.5 kg (spring) + 43 kg (summer) + 19-25 kg (end of brood rearing to spring nectar flow) = 120.5 to 126.5 kg/year/colony of honey. Assuming collected nectar is 30% sugar and stored honey is 82% sugar, this equates to between 329 and 346 kg of nectar per colony per year. Lower nectar sugar concentration assumptions would yield higher estimate, as would higher honey sugar concentrations, and again the estimates are strong influence by the characteristics of the colonies that generated the inputs, a great deal of variability is expected.
Collection, Storage, and Consumption of Pollen by Colonies
Pollen consumption is considered significant for risk assessment of honey bees at life stages prior to foraging, particularly nurse bees (Online Resource 1; USEPA et al. 2012 USEPA et al. , 2014 . According to Winston (1987) and Seeley (1996) , annual pollen collection ranges from 20-30 kg/colony, though no sources or supporting data were provided. One of the most common methods to quantify the amount of pollen collected by colonies is pollen trapping. A pollen trap is a screened device installed across the entrance to the hive. The grid size of the screen must be large enough that foragers can get through, but small enough that some pollen loads will be scraped from the corbicula of entering bees (Delaplane et al. 2013) . Reported trapping efficiencies vary considerably in the literature, with averages ranging from 10 to 60% (Rashad and Parker 1958; McLellan, 1976;  O ' N e a l a n d Wa l l e r 1 9 8 4 ; Dimou and Thrasyvoulou 2007; Forcone et al. 2011; Odoux et al. 2012; Avni et al. 2014) . Trapping efficiency is generally reported as the number of pollen loads trapped as a fraction of the total loads brought back to the hive, with a maximum of two pollen pellets removed per returning bee. However, to get an accurate estimate of the mass of pollen being collected, it is desirable to determine trap efficiency on a mass basis (Rashad and Parker 1958) . Unfortunately, in many cases, mass-based trapping efficiency is not reported (Eckert 1942; Herbert et al. 1985; Garcia-Garcia et al. 2001; Dimou et al. 2006; Wilde et al. 2011; Kumar and Agrawal 2014) , or its application to the results is not clear (Dimou and Thrasyvoulou 2007; Requirer et al. 2015) . In these studies, total mass of pollen collected by bees could not be estimated or confirmed.
As demonstrated by Rashad and Parker (1958) , pollen trapping has a significant impact on pollen collection efforts made by the colony, and also on brood rearing. Colonies subjected to trapping (53% (w/w) efficiency) in their study increased pollen collection by 81.5%. Despite this increase in foraging effort, brood rearing was reduced by 15.25%, on average. Accordingly, pollen trapping may not provide a good indication of pollen collection under typical conditions. Rashad and Parker (1958) , Forcone et al. (2011), and Avni et al. (2014) reported trapping efficiencies and accounted for them in their estimates of pollen collection. Annual estimates ranged from 8.4 to 29 kg pollen/colony. See Table S10 (Pollen trapping and estimated collection by free flying honey bee foragers) in Online Resource 3. Some of these estimates, however, were likely influenced by high trapping efficiency leading to concurrent increases in pollen foraging efforts.
Under flight cage conditions (3 × 3 × 2 m), Campana and Moeller (1977) offered various pollens (obtained by trapping and offered in patty form) to colonies of equivalent size (4 colonies per cage, 6 cages each with a different type of pollen offering). Colonies were of mixed age and each had~7,000 bees (~0.91 kg of bees) at the start of the study. The hives had no food at the start of the test, but colonies were offered water, 67% sugar syrup and the selected pollen preparations for the cage (i.e., blackberry, willow, sweet clover, boxelder, fruit bloom, or a mix of pollens). Collection of the pollen under these artificial conditions was recorded over 45 days, along with brood rearing. Average collection over the 45 days ranged from 8.45 to 15.2 g/colony/day, with clover pollen preferred (Campana and Moeller 1977) . A similar experimental design was employed by Herbert and Shimanuki (1982) , who investigated use of lactalbumin/yeast as a pollen substitute at different colony sizes. The authors used fresh and aged pollen as controls and reported that 400 g bee colonies (~4000 bees/colony, n = 4 per treatment) offered 50 g of pollen per week collected 32.2 and 43.3 g/week on average over 12 weeks of 1-year old pollen and fresh pollen respectively (or 4.60 and 6.19 g/day). Herbert et al. (1988) also investigated protein substitutes over a 12-week study and compared results with collection of trap pollen. Trap pollen was from four nuclei of~4000 bees (400 g) per diet (2 colonies per cage) at reported average rates of between 91 and 145.8 g/2-week period (6.5 to 10.4 g/colony/day).
These pollen collection values are considerably lower than those reported by Rashad and Parker (1958) when accounting for starting colony size. The discrepancy may be explained in part by the unnatural flight cage conditions, differences in demographics, and initial hive resources. Further, pollen trapping by Rashad and Parker (1958) dramatically increased pollen collection (81.5% increase). Results of the flight cage studies are more in line with the results of Avni et al. (2014) , and this may be in part because pollen trapping in this study was only intermittent (Table S10 in Online Resource 3). Unfortunately, most authors did not report on the size or demographics of the colonies from which pollen collection was measured. This limits the use of these data with respect to forecasting collection levels. Further, collection by any one colony is expected to vary temporally over the course of a year (Rashad and Parker 1958; Forcone et al. 2011; Ismail et al. 2013; Requirer et al. 2015) .
Despite upwards of 30 kg potentially being collected by a colony through a year, much less is stored. Pollen cells are on average only slightly more than half full and contain on average between 143 and 183 mg of packed pollen (Rashad and Parker 1958 , and references cited therein).
Jeffree and Allen (1957) measured pollen stores regularly in 25 colonies over 8 years in Aberdeen, Scotland (peak size of~24,000 bees).
On average, pollen stores in winter were low and stable at~74-94 g/colony because there is little or no brood rearing. This range was estimated from the area of pollen cells assuming 4 cells per cm 2 (Delaplane et al. 2013 ) and 143-183 mg/cell. In summer, stores markedly increased to a single peak in July that was nearly nine times greater than winter pollen storage. Based on regression of a measure of pollen area versus colony size, Jeffree and Allen (1957) estimated that peak storage in July for a larger colony of 40,000 bees was approximately 1.2 kg.
We were unable to find any studies of pollen consumption based on measured collection minus storage in the open literature. The most direct measurement of pollen consumption by honey bees available is based on dissection and counting pollen grains in the alimentary canal of individual worker bees from two colonies of Apis mellifera carnica kept outdoors in summer in Austria (Crailsheim et al. 1992) . See Table S11 (Pollen ingestion by adult worker honey bees from Crailsheim et al. (1992) ) in Online Resource 3.
The total amount of pollen estimated per colony was 13.4 and 17.8 kg/colony/year for the two colonies, which falls within the range of annual collection estimates from the literature (8.4 to 29 kg pollen/colony/year, see Table S10 in Online Resource 3). The overall average of 3.9 mg pollen/bee from Crailsheim et al. (1992) is consistent with an earlier, less detailed report by Schmidt and Buchmann (1985) who reported 3.4 mg/bee/day over 28 days.
DISCUSSION
With respect to nectar foragers, we conclude that there are substantial data describing crop loadings before and after foraging trips. There is also ample information regarding energy requirements and sugar consumption under a variety of activity levels, loadings and air temperatures. Major data gaps include quantification of correlations between foraging trip variables (e.g., time per trip and number of trips), and the fraction of time spent at various levels of energy expenditure. The dietary exposure assessment for honey bee nectar foragers would benefit from additional confirmatory research on:
(1) Time spent outside the hive by nectar foragers in representative agroecosystems. (2) Proportions of time spent at various levels of energy expenditure under natural conditions (e.g., flying, hovering, resting, and endothermal versus ectothermal states). (3) The distribution of sugar concentrations of nectars collected by nectar foragers, giving special consideration to crop nectar (see Knopper et al. 2016 ). (4) For more refined assessments that account for the fate and behavior of the pesticide, it would be useful to determine the relative amounts of fresh nectar, aged honey, and water ingested.
Recent advances in tracking (e.g., RFID) of honeybees could prove useful to collect some of the above information (see Capaldi et al. 2000; Riley et al. 2005; Decourtye et al. 2011; He et al. 2013; Tenczar et al. 2014; Perry et al. 2015; Liao et al. 2017; and particularly, Thompson et al. 2016) . Further the tracer techniques of Tomlinson et al. (2017) could also be effective in deriving more precise estimates of energy requirements of foragers.
Given recent data collected with radio frequency identification tracking techniques, and the supporting review of forager behavior, we contend that nectar foragers likely spend considerably less time foraging than what has been calculated by the Agencies (median of 8.9 hours per day; USEPA, PMRA and CDPR 2012). The Agencies median of 292 mg/nectar/bee/day for nectar foragers (USEPA, PMRA and CDPR 2012, 2014) is unrealistically high for nectar foragers on the whole. A revised median estimate of 44 mg nectar/bee/day was calculated in a modeling effort based on the data reviewed herein (Rodney and Kramer 2019) . Filling identified data gaps should lead to more refined screening and probabilistic estimates of nectar and honey ingestion by foragers.
With respect to colony-level nectar collection, consumption, and storage, we conclude that there is a paucity of data, and insufficient information for refining exposure estimates. There are considerable concerns regarding the quality of the data available with respect to use in exposure assessment. Particularly, we lack the information to quantify expected relationships between environmental conditions, colony demographics and nectar flow through the colony. Similarly, with respect to colony-level pollen collection, consumption and storage, there is a lack of data that could be used to accurately predict influx and uptake by colonies under natural foraging conditions. These concerns also extend to supplemental feeding which, in some scenarios, may be regimented in terms of offerings, but removal of unconsumed material has not been measured and the effects of deterioration prior to consumption has not been considered. We recommend field-level investigation of colony-level consumption over time in representative hives via inference from rolling assessments (different set of hives at each sampling point, with low frequencies on individual hives to minimize colony disruption) of consumption and storage, along with electronic hive monitoring (Human et al. 2013 ).
